Chemical cross-linking combined with mass spectrometry (MS) is an analytical tool used to elucidate the topologies of proteins and protein complexes. However, identification of the low abundance cross-linked peptides and modification sites amongst a large quantity of proteolytic fragments remains challenging. In this work, we present a strategy to identify cross-linked peptides by negative ion MS for the first time. This approach is based around the facile cleavages of disulfide bonds in the negative mode, and allows identification of cross-linked products based on their characteristic fragmentations. MS 3 analysis of the cross-linked peptides allows for their sequencing and identification, with residue specific location of cross-linking sites. We demonstrate the applicability of the commercially available cystine based cross-linking reagent dithiobis(succinimidyl) propionate (DSP) and identify cross-linked peptides from ubiquitin. In each instance, the characteristic fragmentation behavior of the cross-linked species is described. The data presented here indicate that this negative ion approach may be a useful tool to characterize the structures of proteins and protein complexes, and provides the basis for the development of high throughput negative ion MS chemical cross-linking strategies.
Introduction

D
etailed characterization of the tertiary and quaternary structures of proteins and protein complexes is vital for understanding protein function and the regulation of intricate cellular processes. The choice and applicability of different analytical techniques to achieve this structural characterization is dependent on the system being studied, with many systems not amenable to conventional high-resolution techniques like nuclear magnetic resonance spectroscopy and X-ray crystallography. This is particularly the case for low abundance or dynamic protein assemblies, where transient structures and interactions are present.
Chemical cross-linking coupled with mass spectrometry (MS) is a low-resolution approach that can be used for protein structure analysis, and has recently been reviewed [1] [2] [3] [4] [5] . Briefly, a reactive cross-linker is added to form covalent bonds with the protein, trapping its conformational state. Following chemical cross-linking, proteolytic cleavage of the cross-linked protein and subsequent mass spectrometric analysis is typically conducted. The cross-linking reaction may yield one of several products, namely intermolecular, intramolecular, and dead-end cross-linked peptides. The sites of the cross-linking modifications may be used to generate constraints, allowing the approximation of the structure of a protein or protein complex; dead-end adducts yield information about solvent accessibility, intramolecular cross-links may give information about local structural elements (i.e., secondary and tertiary structure) whilst intermolecular cross-links give distance information that may be used in modeling applications and to define binding interfaces [6] . It is a particularly useful technique for studying transient and weak protein interactions, as they are covalently trapped, and offers significant advantages over the conventional techniques previously mentioned, due to its speed, sensitivity and adaptability.
Despite the relative straightforwardness of the crosslinking methodology, broad application of this approach has been limited primarily by analytical challenges. For example, detection and identification of the cross-linked peptides, which provide structural information, amongst the plethora of other proteolytic fragments, remains difficult due to their relatively low concentrations. Furthermore, peptide identification and location of the specific amino acids within the protein that contain the cross-linker modification is hindered by often complex MS fragmentation behavior [3] . Consequently, the development of new methodologies for the identification of these cross-linked peptides is of fundamental importance.
Several approaches to aid the identification of crosslinked peptides from complex mixtures have been developed. These include incorporating an affinity tag into the linker for peptide purification [7] [8] [9] [10] [11] [12] [13] [14] , as well as various isotope labeling strategies [15] [16] [17] [18] [19] . These methods, however, often yield complex, difficult to analyze MS/MS data, as the intermolecular cross-links consist of two peptides covalently joined, and product ions from both peptides are present in the spectrum [20] . Several cleavable cross-linkers have been developed to assist in the identification process, including collision induced dissociation (CID) cleavable reagents [12, [20] [21] [22] [23] [24] [25] , as well as others that are chemically cleaved prior to MS analysis [11, 16] . CID cleavable crosslinkers may afford products corresponding to a reporter ion of known m/z [12, 22] , or cleavage of the cross-linker at a defined position, giving fragment ions corresponding to each of the two linked peptides [21, 23, 24, 26, 27] . In certain designs, both are incorporated [12, 28] . Identification of the peptide fragments is achieved by application of MS n analysis.
Labile disulfides have been previously integrated into the design of chemical cross-linking reagents as they are easily reduced chemically prior to MS analysis. This approach, however, is unreliable as it is dependent on observing signals of cross-linked products both before and after reduction, which may lead to ambiguities in cross-link assignment. These reagents have also shown limited use as positive ion mode CID-cleavable cross-linking reagents as linker cleavages compete with backbone fragmentation, complicating the spectra, and have been shown to be charge-state dependent [25, 29] . However, in the negative ion mode, disulfide bonds within peptides undergo facile cleavage upon collisional activation [30] [31] [32] [33] [34] . The fragment anions produced are readily identifiable, and sequence information can be obtained by CID of the resultant product ions [35] .
Here we investigate for the first time the applicability of a negative ion MS approach to identify protein chemical cross-links. In particular, the fragmentation pathways of disulfide containing linkers at relatively low activation energies, conditions often used to fragment labile crosslinker bonds whilst maintaining the integrity of the peptide backbone, are studied. We show that cross-linked peptides fragment in a reliable and characteristic way, allowing direct identification of cross-linking adducts by negative ion MS with residue specific resolution from a single experiment. This study, therefore, demonstrates the applicability of this ionization mode as a potential analytical tool to investigate the structural properties of proteins and protein complexes.
Experimental
Materials
Unless otherwise specified, chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received. Dithiobis(succinimidyl propionate) (DSP) was purchased from Thermo Scientific (Rockford, IL, USA). Sequencing grade modified trypsin was purchased from Promega (Madison, WI, USA). Ac-IR7 peptide (Ac-IEAEKGR, 843.94 g·mol -1 ) was synthesized in-house using standard Fmoc solid phase methods on 2-chlorotrityl chloride resin (GL Biochem, Shanghai, China) and purified by HPLC to greater than 95 % purity.
Cross-Linking of Ac-IR7
Ac-IR7 (0.3 mg, 355 μmol) was dissolved in DMSO (275 μL) and 14 μL of a 1 mM DSP solution was added (1 eq.) along with diisopropylethylamine (0.2 μL, 1 eq.). The mixture was incubated at room temperature for 5 h with periodic mixing, before being concentrated to dryness using a SpeedVac concentrator. The residue was dissolved in water and desalted by ZipTip (Millipore, Bedford, MA, USA) before MS analysis. These non-physiological experimental conditions were employed to attain high yields of the cross-linked products for analysis, allowing for characterization of the fragmentation pathways with relative ease from this model system.
Cross-Linking of Ubiquitin
Bovine ubiquitin was dissolved in phosphate buffered saline at a concentration of 200 μM (40 μL) and a 10-fold molar excess of DSP was added from a 10 mM solution in DMSO (4 μL). The reaction mixture was incubated at room temperature for 1 h and digested overnight with trypsin 4 % (wt/wt). The cross-linked peptides were then lyophilized and desalted by ZipTip before MS analysis.
MS Analysis
Nano-electrospray mass spectra were acquired using a Micromass QTOF2 orthogonal acceleration time-of-flight mass spectrometer. Samples were introduced into the spectrometer using platinum-coated borosilicate capillaries prepared in-house. Conditions were as follows: capillary voltage 1.4 kV, source temperature 80°C, and cone voltage 30-50 V. Ar collision gas energies of approximately 15-30 eV were used for 'low energy' CID, while 'high energy' CID utilized collision gas energies of 30-50 eV. Fragments created by capillary-skimmer dissociation were generated by applying cone voltages of typically 70 V and were then mass-selected for further MS/MS analysis (described in text as 'pseudo MS 3 experiments'). Spectra were deconvoluted using the maximum entropy algorithm in MassLynx software (Waters, Manchester, UK). [36] [37] [38] , using the Gaussian 09 suite of programs [39] . Minima connected by a given transition structure were confirmed by intrinsic reaction coordinate (IRC) calculations [40] [41] [42] . Stationary points were characterized as either minima (no imaginary frequencies) or transition states (one imaginary frequency) by calculation of frequencies using analytical gradient procedures. All calculations were performed using supercomputing facilities from eResearch SA (the South Australian Partnership for Advanced Computing, The University of Adelaide) and the Australian Partnership for Advanced Computing (Australian National University, Canberra).
Quantum Mechanical Modeling
Results and Discussion
Cross-Linker Rationale
In any cross-linking strategy, it is vital to first understand the characteristic, diagnostic fragmentation pathways of the cross-linked products for structure identification. This study aimed to determine the applicability of cystine-like disulfidecontaining chemical cross-linking reagents for use with negative ion MS for analysis of protein conformation. Historically, negative ion MS has had limited application for the study of complex systems as the MS/MS data of peptides are often dominated by side chain-induced fragmentations [31, 35] , whereas spectra in the positive ion mode generally show characteristic backbone cleavages well suited to peptide sequencing. However, equally important and complementary information can be obtained from both ionization modes, and many examples exist whereby negative ion MS allows for mapping of disulfide bonds in proteins with greater ease [30, 33, 34] .
Negative ion MS cleavages of underivatized peptides as well as those of intra-and intermolecular cystine disulfides have been well studied. CID of symmetrical intermolecular disulfide bonded peptides in the negative ion mode results in facile fragmentation, affording a maximum of four product ions, corresponding to cleavages at or adjacent to the disulfide bond (Scheme 1) [32, 33] . These cleavages are effected by either an enolate anion or by an anion situated directly adjacent to the disulfide and are amongst the most energetically favorable of all the negative ion peptide cleavages studied, with low transition state barriers [33] , and therefore occur in preference to backbone fragmentation at low collision energies.
Product anions A and C in Scheme 1 are formed as a result of charge transfer via an ion-neutral complex whilst
Characteristic fragmentations of the naturally occurring cystine disulfide [31] . Masses of the ions are indicated relative to fragment anion A (denoted by the arbitrary mass, M). It should be noted that the enolate ions drawn throughout this paper have an additional contributing mesomeric resonance structure (not drawn). Structures of product anions B and D can be rationalized directly from the proposed reaction mechanisms, whilst anions A and C are formed by charge transfer via an ion-neutral complex [33] the anion sites in product ions B and D can be rationalized directly from the proposed reaction mechanisms (see reference [33] ). The basis of our negative ion cleavable cross-linking approach is a disulfide-containing cross-linking reagent, which is expected to effect analogous cleavages to those shown in Scheme 1, but where both the initiating enolate and --CH-S-Sanion sites are situated on the linker. To differentiate the cleavages of the cross-linker from those of the natural cystine disulfide, ions from the cross-linked adducts analogous to those shown in Scheme 1 are denoted A'-D'. Exploiting these facile cleavages in this approach is ideal as breakage of the cross-link can be initiated by up to four anions (two on each side of the disulfide), yielding a maximum of four ions for each peptide involved in the cross-link. These processes should occur readily and are easily recognizable by the characteristic fragment ions they produce (even when all four possible products are not observed), and the exact location of the crosslinking site can be identified by standard negative ion MS 3 sequencing once individual peptides are released, making data analysis reliable and fast.
The amine-reactive, commercially available dithiobis (succinimidyl propionate) (DSP) (Supplementary Figure 1) is a disulfide-containing cross-linking reagent with the structural features required to effect cleavage of the types shown in Scheme 1, with the enolate and --CH-S-Sinitiating anions situated on the cross-linker. This reagent has been chosen as the basis of our study as it also has wellestablished cross-linking characteristics. Additionally, MS/ MS analyses of this reagent in the positive mode have been utilized to identify peptide cross-links [25] and it is our aim to directly demonstrate the advantages of a negative ion approach using the same cross-linker.
MS Fragmentation of Model Cross-Linked Peptides
To experimentally ascertain the low-energy CID fragmentation patterns of intermolecular cross-links introduced by DSP, we performed cross-linking reactions on a model peptide system, Ac-IR7 (Ac-IEAEKGR, 843.94 g·mol -1 ) under solution conditions known to generate high yields of the cross-linked adducts. Whilst this is not a biologically relevant system, it is an established model to validate NHSester containing cross-linking strategies and to define the characteristic fragmentations of the resultant adducts [21, 43] . As expected, following the linking reaction, crosslinked peptides, dead-end products and unreacted peptide were observed in the mass spectrum. Intermolecular crosslinked peptides were identified by the expected mass (m/z 1860), and MS/MS data were recorded (Figure 1 ).
The intermolecular cross-links introduced by DSP fragment in an analogous fashion to natural cystine disulfides (Scheme 1), with all four possible product ions observed in this case (Figure 1) , the structures of which are described in detail in Scheme 2. The four characteristic product ions, A'-D', are easily recognizable in this instance, allowing rapid identification of the intermolecular cross-linked peptides.
For comparison, the positive ion electrospray MS/MS data are shown in Supplementary Figure S2 . A 66 Da doublet is observed in this spectrum as a result of fragmentation about the disulfide bond, which has previously been considered for DSP cross-link identification using positive ion MALDI [25] . However, these signals are difficult to observe since they occur in addition to the abundant backbone fragmentations which dominate the spectrum. Consequently, detection of intermolecular cross-link sites is cumbersome, and would be more difficult to achieve by automated on-line MS 3 methods, making the positive ion approach more complex to implement and conclusively assign cross-linking sites. In fact, in this previously published approach, sequencing is achieved by performing a second MS experiment following disulfide reduction, which is a shortcoming compared with our negative ion approach.
We were able to sequence the intermolecular cross-linked peptides on the QTOF instrument by performing 'pseudo MS observed in the spectrum, which would allow for the exact location of cross-linking sites in protein systems of unknown structure. Analysis of the lowest mass DSP adduct (m/z 896) (A' in Scheme 2) gave data that allowed easy interpretation and sequencing by the normal backbone cleavages in the negative ion mode (Figure 2) . It is also possible to sequence the peptide from the higher mass adducts (B', C', and D' in Scheme 2). As an example, the 'pseudo MS 3 ' spectrum for the B' adduct is shown in Supplementary Figure S3 . In all cases, the spectra are dominated by side chain-induced backbone cleavages from Glu, as is observed in negative ion spectra of similar peptides, together with normal backbone cleavages [35] .
These data indicate that our negative ion approach offers a clear advantage over traditional positive ion methodologies for the identification of disulfide containing cross-linked peptides from complex mixtures. The labile disulfide cleaves as expected prior to backbone fragmentation, releasing the individual peptide components which can be sequenced using negative ion MS 3 . Despite the somewhat reduced sensitivity typically afforded using negative ion MS for analysis of peptides, the detectability of disulfides increases substantially due to their facile, characteristic fragmentations which occur in preference to backbone cleavages, and the cross-linked peptides can be sequenced individually in the same experiment.
Application to Ubiquitin
From previous work on natural disulfides and our model study above, a summary of the fragmentations expected at low collision energies for the cross-linked adducts is shown in Figure 3 . In brief, intermolecular cross-links will fragment like the natural disulfide, with each peptide of the dimer yielding up to four product ions upon CID (as observed for Ac-IR7). Intramolecular cross-links cannot fragment in this manner, as disulfide cleavage will not yield a product ion of changed mass. Instead, characteristic loss of H 2 S 2 is expected [32] , in addition to side chain-induced backbone cleavages. Dead-end adducts, where one end of the cross- To further validate our method, we have cross-linked the model protein ubiquitin with DSP. From these data, we have identified intermolecular, intramolecular, and dead-end crosslinks, consistent with previous reports [21] . Examples of these characteristic fragmentations are discussed further below.
Intermolecular Cross-Linked Peptides
MS/MS and 'pseudo MS 3
' data of a symmetrical intermolecular cross-linked species from ubiquitin are shown in Figure 4 . Again, (Figure 4b) , conclusively assigning this intermolecular cross-link. Again, side chain-induced backbone cleavages from Asp and Glu residues dominate the spectrum.
An example of a MS/MS spectrum of a nonsymmetrical intermolecular cross-link (m/z 3646) is given in Supplementary  Figure 4 . This again fragmented analogously to a natural cystine disulfide, and produced A'-D' fragments for both peptide halves. Again, side chain-induced loss of water was seen from each of these fragments as a result of the single Asp residue present in each of the peptide halves [35] . The characteristic fragmentation patterns and the mass of the precursor ion enabled the identification of this intermolecular cross-linked product.
Dead-End Cross-Linked Peptides
A significant advantage of this negative ion approach is that dead-end cross-linking products can be readily identified since they show only small mass losses when subjected to low energy CID (Figure 3 ), corresponding to loss of the labile, hydrolyzed disulfide cross-linker. An example of this is given in Figure 5 , for a dead-end cross-linked peptide from ubiquitin. Products resulting from cleavages of the hydrolyzed linker disulfide bond are observed, as detailed in Figure 3 , with a complete description of these ions given in Supplementary Scheme S1. Again, side chain-induced loss of water was seen as a result of the single Asp residue present in each of the peptide chains [35] . Additionally in this case, a fragment corresponding to the side chain-induced δ backbone cleavage of Asp10 is observed (m/z 1208). This process appears to occur competitively with disulfide cleavage, and consequently cross-linker fragmentation analogous to those from the molecular ion are also noted from this δD 10 product ion.
Intramolecular Cross-Linked Peptides
Intramolecular DSP cross-links, such as the example given from ubiquitin in Figure 6 , yield much more complex MS/ MS data (summarized in Scheme 3). In this example, the side chain-induced backbone cleavage at both Asp12 and Asp5 occurs to give m/z 1367. Loss of water from this species yields m/z 1349. These processes afford what is essentially an intermolecular cross-link, and the disulfide now behaves as such, in the manner outlined in Scheme 3. This spectrum is complex, yet clearly diagnostic of an intramolecular cross-link, providing significant information about the identity of the peptide involved. The complexity of the intermolecular cross-linked spectra produced in this system is not a disadvantage, since these adducts typically provide limited information on the topology of a protein or protein complex and are often ignored in data analysis. Additionally, this peptide is an unusual example, as it contains an Asp residue between the two cross-linked Lys residues, causing intermolecular disulfide cleavage to be observable following breakage of the peptide backbone at Asp.
Interpretation of Cross-Linking Data
Here we have presented for the first time a number of examples of the structural analysis of cross-linked peptide products for investigation of higher order protein structure by negative ion MS. Together, these results indicate that disulfide-containing reagents show promise as CID cleavable cross-linking reagents with analysis in the negative ion mode, and that our approach can effectively distinguish dead-end, intra-and inter-cross-linked peptides. In a similar fashion to disulfide containing proteins, the intermolecular cross-linked tryptic peptides undergo facile, characteristic fragmentations about the disulfide bond. To identify the modified tryptic peptides, low energy CID can be applied because of the low energy barriers associated with disulfide cleavage, producing fragment ions corresponding to the two peptide halves. All the examples of intermolecular crosslinks that we have investigated produce four product ions upon collisional activation (if symmetrical, eight ions if unsymmetrical, as well as those following Asp induced H 2 O losses). These four peptide fragments A'-D' are diagnostic, easily recognizable ( Figure 3 , Scheme 2), and are amenable to sequencing by MS 3 approaches. Thus, the presence of some or all of these four ions may be used as a marker for the identification of intermolecular cross-links, and can provide the exact site of cross-linking. In addition, competitive side chain-induced fragmentations may also be observed in the spectrum. In many cases, these may be enough to tentatively assign the identity of the peptide.
In comparison, dead-end cross-linked peptides show low mass losses corresponding to cleavage of the hydrolyzed disulfide. These losses again correspond to fragmentation processes producing anions of type A'-D', which can be utilized to easily recognize a dead-end modified peptide ( Figure 3 , Scheme S1).
Intramolecular cross-linked peptides show much more complex spectra, with side chain-induced backbone cleavages dominating the MS/MS spectrum. However, these spectra show neither low mass losses nor the characteristic disulfide pattern of fragment ions upon CID. This complication is not necessarily disadvantageous as intermolecular cross-links provide little information about the quaternary structures of the complex and are often not investigated. A loss of H 2 S 2 is characteristic of an intramolecular disulfide [32] .
It should be noted that in a previous study, where the negative ion cleavages of disulfide containing proteins were investigated [30] , it was shown that all four possible product ions were not evident in all cases. This indicates that some care may need to be taken in analyzing the low energy MS/ MS spectra, as all four possible cleavage products may not be observed. This may have an effect on the development of high throughput data analysis methods using this approach. However, the detection of at least two of the possible fragment anions should provide sufficient diagnostic data to indicate the presence of a cross-linked peptide. It should also be noted that positive ion MS has been utilized to identify both naturally occurring cystine disulfides and cross-linked products of cysteine-based regents [25, [44] [45] [46] . In these instances, disulfide fragmentations occur simultaneously to the backbone fragmentations used for sequencing [25, [44] [45] [46] . Data of this kind makes identification of disulfide-containing peptides time-consuming and difficult. Additionally, it has been reported that disulfide cleavage may be favored from the [MH] + ion but not from those that are multiply charged [29] and, therefore, this positive ion approach has limited applicability. In contrast, our negative ion approach to identify intermolecular or dead-end cross-linked peptides yields MS/MS data which are simpler, containing primarily fragment anions corresponding to the facile cleavages of the disulfide, without the complications of backbone fragmentation. This makes identification and sequencing (by MS 3 ) of crosslinked peptides easier than these other positive ion methodologies. Furthermore, negative ion MS has been shown to have other advantages in peptide sequencing, such as the detection of other post-translational modifications [47] .
Our future intent is to investigate incorporation of affinity tags such as biotin to enrich disulfide-containing cross-linked peptides from more complicated systems. Furthermore, design of data analysis software to automate detection of characteristic fragment ion series will improve analysis of large data sets such as those from complex protein tryptic digests, and allow for higher throughput utilizing LC-MS. With continued improvement, our development of negative ion amenable disulfide based cross-linking reagents will ultimately assist towards the goal of proteome wide protein structure determination and identification of protein-protein interactions.
Quantum Mechanical Modeling
Calculations have been performed to determine the energetics of the disulfide fragmentation processes for DSP in a model system, and allow us to propose reasonable structures for the resultant anions. The reaction coordinate profile of the cleavage reaction adjacent to the disulfide calculated at CAM-B3LYP/6-311++G(d,p) is shown in Supplementary Figure S5 . The process to yield a B' ion is kinetically favorable (with a slight barrier of 1 kJ·mol -1 and ΔG r (298 K) = −71 kJ·mol -1
). The IRC calculation shows that following bond cleavage, the anion R-S 2 -will move towards the amide hydrogen of the Lys side chain, and form a stable ion-neutral complex by way of a 2.28 Å 'hydrogen bond', suggesting that removal of this hydrogen by R-S 2 -yields an A' type ion as depicted in Schemes 1 and 2. In the model system we have shown that deprotonation of the lysine amide nitrogen is a slightly unfavorable process (ΔG r (298 K) = 24 kJ·mol ). These disulfide cleavage processes are more energetically favorable than the negative ion backbone cleavage processes [35] and therefore occur at lower collision energies. These are the most energetically favorable of the negative ion cleavages that we have studied to date.
Conclusions
For the first time, negative ion MS has been used to identify and provide information about cross-linked peptides and proteins. We have shown that the negative ion cleavages of adducts containing disulfide cross-linking reagents can be useful in identifying intermolecular, intramolecular, and dead-end cross-linked peptides amongst complex mixtures and can readily localize the cross-linking site with residue level resolution. The spectra obtained are diagnostic for the cross-link type, allow for sequencing and identification of the cross-linked species, and are suitable for investigation of proteins and protein assemblies of unknown structure.
Negative ion MS provides a clear advantage over conventional positive ion MS for the identification of these disulfide containing cross-links due to their facile, characteristic fragmentation behavior. These are the most facile negative ion cleavages to have been studied to date. The resultant MS/MS data of intermolecular cross-linked peptides contain only these disulfide cleavage products, which are diagnostic, easy to recognize, and easy to sequence by MS
